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DIRECT INJECTION METHOD AND
APPARATUS FOR LOW NOX COMBUSTION
OF HIGH HYDROGEN FUELS

GOVERNMENT RIGHTS

This invention was made with government support under
U.S. Contract No. DE-FC26-05NT42647. The U.S. govern-
ment holds certain rights in this invention

FIELD OF THE INVENTION

The present invention relates to a method for ultra-low
NOx combustion of fuels, even high hydrogen and low BTU
content gases, including, without limitation, syngas, gasified
coal, and natural gas. The present invention provides a
method for separately supplying fuel and air to a reactor for
in-situ mixing and reaction prior to combustion with addi-
tional air.

BACKGROUND OF THE INVENTION

With energy usage directly related to economic growth,
there has been a steady increase in the need for increased
energy supplies. In the U.S., coal is abundant and compara-
tively low in cost. Unfortunately, conventional coal-fired
steam power plants, which are a major source of electrical
power, are inefficient and pollute the air. Thus, there is a
pressing need for cleaner, more efficient coal-fired power
plants. Accordingly, Integrated Gasification Combined Cycle
(“IGCC”) coal technology systems have been developed
which can achieve significantly improved efficiencies in com-
parison to conventional steam plants. In such a system, syn-
gas (a mixture of hydrogen and carbon monoxide) is pro-
duced by partial oxidation of coal or other carbonaceous fuel.
This allows cleanup of sulfur and other impurities, including
mercury, before combustion.

Concern over global warming resulting from carbon diox-
ide emissions from human activity, primarily the combustion
of fossil fuels, has led to the need to sequester carbon. If
carbon dioxide sequestration is desired, the carbon monoxide
can be reacted with steam using the water gas shift reaction to
form carbon dioxide and hydrogen. Carbon dioxide may then
be recovered using conventional technologies known in the
art. This allows pre-combustion recovery of carbon dioxide
for sequestration. Removal of the carbon dioxide leaves a fuel
gas much richer in hydrogen. Unfortunately, there is an issue
for low NOx combustion for these high hydrogen fuels.

As aresult of the high flame speed of hydrogen, flashback
is likely with premixed dry low NOx combustion systems.
Flashback remains an issue with the use of syngas as well.
Regardless of whether carbon dioxide is recovered or whether
air or oxygen are used for syngas production, hydrogen con-
tent of the gas typically is too high to allow use of conven-
tional dry low NOx premixed combustion for NOx control.
Therefore, diffusion flame combustion is used typically with
steam or nitrogen added as a diluent to the syngas from
oxygen blown gasifiers to minimize NOx emissions. Even so,
exhaust gas cleaning may still be required. Thus, such sys-
tems, though cleaner and more efficient, typically cannot
achieve present standards for NOx emissions without NOx
clean-up methods.

A further problem is that the presence of diluent in the fuel
increases mass flow through the turbine often requiring the
bleeding off of compressor discharge air to reduce turbine
rotor stresses. Since bleed off of compressor air must be
limited to allow sufficient air for combustion and turbine
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cooling, the amount of diluent which can be added to the fuel
is limited. Typically, NOx cannot be reduced below about ten
parts per million (“ppm”) without operational problems,
including limited flame stability. There are further efficiency
loss issues. If nitrogen is added to dilute the fuel gas, there is
an energy penalty related to the need to compress the nitrogen
to the pressure required for mixing with the fuel gas. In
addition, use of syngas in a gas turbine designed for natural
gas increases turbine mass flow even without dilution for
NOx reduction. Typically, to avoid excessive loads on the
turbine rotor, operation is at a reduced turbine inlet tempera-
ture and/or with bleed of compressed air from the turbine
compressor. Low BTU gases also have a high content of
diluents and may require rotor protection.

Ithas previously been shown that rich pre-combustion with
transfer of reaction heat allows low NOx formation in diffu-
sion flame combustion; for example, as taught in U.S. Publi-
cation No. 2007/0037105 (U.S. patent application Ser. No.
11/439,727). Using a reactor such as that described in U.S.
Pat. No. 6,394,791, the content of which is incorporated
herein, the stoichiometric flame front temperature (“SFFT”)
ot'high hydrogen content fuels can be reduced sufficiently to
provide ultra-low NOx combustion. Unfortunately, some
high hydrogen fuels are difficult to safely premix.

SUMMARY OF THE INVENTION

It has now been found that with a backside cooled reactor,
the need for fuel-air premixing can be eliminated for fuels by
direct injection of both fuel and air into the catalytic reactor
flow channels with in-situ mixing of the fuel and air. As
discussed in this invention, fuels include any known fuels
such as, for example, natural gas, low BTU content gas,
syngas (including coal derived and carbon reduced syngas),
hydrogen and the like. Whether or not conditions may provide
ignition of the fuel upon contact with air, the reactor is sub-
stantially protected having backside cooled walls. Moreover,
the fuel flow can be used to inject much more air than would
otherwise flow through the available effective open area, thus
allowing greater fuel conversion in the reactor and thus
greater reduction in the stoichiometric flame front tempera-
ture (“SFFT”) on contact with the cooling air. By reducing
SFFT, NOx is reduced. With a fuel flow air injector, air flow
increases with increased fuel flow and decreases with
decreased fuel flow, yielding lower part load reactor flame
temperatures and thus lower catalyst temperatures. With
hydrogen fuels, conditions can readily be chosen to provide
reaction of the hydrogen upon contact with the injected air. In
this case, no catalyst is needed on the tubes.

As indicated by CFD (Computational Fluid Dynamics)
analysis, mixing is very rapid. Experimental in-situ mixing
has demonstrated good stability and performance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the basic configuration of the in-situ
mixer.

FIG. 2 shows a more detailed view of one embodiment of
the in-situ mixer.

FIG. 3 shows a more detailed view of a second embodiment
of the in-situ mixer.

FIG. 4 shows a view of a section of two air header plates
with catalytic air and cooling air tube entrances.

FIG. 5 shows the air splits for three different reactors.

FIG. 6 shows the difference in NOx emissions between
eductor and non-eductor reactors.
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As shown in FIG. 1, in one embodiment of the present
method, air flow to the reactor is split into two paths: a
reaction flow path, referred to in this embodiment as a cata-
Iytic air path (1), and a cooling air flow path, referred to in this
embodiment as a cooling air path (2). The catalytic/cooling
air tubes are held in their pattern by a header plate (3). Fuel is
distributed throughout the reactor by the fuel distribution
plenum (5) formed between the header plate (3) and a fuel
distribution plate (4). Fuel is introduced to fuel conversion
region, referred to in this embodiment as the catalytic region
(7) through gaps (6) in the fuel distribution plate (4) around
the catalytic air path (1). With appropriate gap (6) sizing, the
fuel will pass through gaps (6) at high velocity which will
entrain and rapidly mix air from the catalytic air path (1) with
the fuel at location (8). In addition, better mixing is achieved
by mixing over many smaller mixers spread over the fuel
distribution plate rather than one mixer located upstream. As
is well known in the art, eductor effectiveness depends on gap
(6) spacing and catalytic air path (1) outlet placement at
location (8), but is readily adjusted to meet the reactor needs.

Although the mixing in the figure occurs in parallel jet
stream, other methods typical for premixing such as perpen-
dicular jet penetration, etc. are part of the present invention. In
addition, as stated in the Summary of the Invention, with
hydrogen fuels, conditions can readily be chosen for use with
hydrogen fuels to provide reaction of the hydrogen upon
contact with the injected air such that no catalyst is needed on
the tubes.

Upon contact between the fuel and air, ignition may occur
inside the catalytic channels. Since all surfaces are actively
cooled, the reactor is not damaged. For instance, all the cata-
lyst coated elements are cooled internally via cooling air path
(2). The fuel distribution plate (4) is backside cooled by the
incoming fuel in the chamber of fuel distribution plenum (5).
The reactor housing (not shown) has a high thermal mass and
may be cooled from an external air flow. This can be provided
by having the air flow to the reactor pass over the housing
before introduction to the reactor or a separate air stream
could provide cooling.

Further, if gas phase combustion does occur within the
catalytic channels, it is advantageous due to high conversion
of catalytic air from catalytic air path (1) and increase in the
transfer of the heat of combustion to the cooling air flow of
cooling air path (2). This may lead to lower downstream NOx
emissions. Whether or not gas phase ignition occurs, conver-
sion of fuel is promoted by reaction on the catalytic cooling
tube walls.

FIGS. 2 and 3 show details of two air injector designs. The
tapered/angled tube defining catalytic path air (1) in FIG. 2
provides higher air splits due to enhanced eductor/catalytic
air path (1) air interaction. In either case, mixing occurs
rapidly.

FIGS. 4A and 4B show sections of two different header
plate (3) designs with cooling air path (2) and catalyst air path
(1) flow passages. Other design configurations for catalyst
and cooling air are considered within the scope of the present
invention.

FIG. 5 shows the increased air split possible with the
method of the present invention and lower split at lower fuel
flow. This allows use of high splits at base load. Further it also
causes no increase in catalyst temperatures at part load con-
ditions. The “sets ofholes” in the legend refers to holes drilled
in the downstream of the catalytic channels intended to
increase the effective flow area. However, experiments show
that bypass holes are not necessary to achieve a required
effective open area.
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An important aspect of the present invention is that the
adiabatic stoichiometric flame temperature of high hydrogen
content fuels can be reduced sufficiently to allow ultra low
NOx diffusion flame combustion, even for the highest inlet
temperature gas turbines thus allowing wide turndown. As
shown in FIG. 6 for combustion of forty-two percent hydro-
gen fuel gas, use of an eductor reduces NO, emissions to well
below two ppm as compared to over three ppm at base load
without the eductor. With the need for carbon dioxide seques-
tration becoming of increasing importance, the art has turned
to carbon-free hydrogen such as can be produced from syn-
gas.

While the present invention has been described in consid-
erable detail, other configurations exhibiting the characteris-
tics taught herein for direct injection for low NOx combustion
of fuels including natural gas as well as high hydrogen fuels
are contemplated. For example, other catalytic reactor
designs are contemplated as well as non-catalytic gas phase
combustion. A portion of the fuel may also be injected
upstream into air so as long as the stoichiometric condition of
the resultant fuel/air mixture is below the autoignition limit.
Therefore, the spirit and scope of the invention should not be
limited to the description of the preferred embodiments
described herein.

The invention claimed is:

1. A method for low NOx combustion comprising:

a) injecting a flow of fuel into a reaction zone of a fuel-rich
combustor via an eductor; wherein the eductor com-
prises at least one reaction air flow tube positioned inside
afuel distribution plenum bounded by a fuel distribution
plate, the fuel distribution plate comprising at least one
passage therethrough from an inlet at the plenum to an
outlet into a fuel conversion region; each reaction air
flow tube passing into a corresponding passage in the
fuel distribution plate and terminating at a point recessed
from the outlet of the passage, thereby producing a cor-
responding gap within the fuel distribution plate; the
eductor functioning such that fuel flows through the fuel
distribution plenum and through the gap(s) in the fuel
distribution plate thereby drawing air and inducing an air
flow through the at least one reaction air flow tube so as
to inject fuel and air in parallel flow into an inlet of the
fuel-rich combustor, so as to produce a fuel-rich mixture
of fuel and air in situ in the reaction zone of the fuel-rich
combustor;

b) reacting the fuel-rich mixture of fuel and air in the
reaction zone of the fuel-rich combustor and producing
partial reaction products plus heat;

¢) transferring a portion of the heat to a cooling air stream
thereby cooling the partial reaction products and heating
the cooling air stream;

d) contacting the cooled partial reaction products with the
heated cooling air stream in a fuel-lean combustor.

2. The method of claim 1 whereby increased injection of

the fuel results in increased induction of the air flow.

3. The method of claim 1 whereby the fuel comprises

hydrogen.

4. A reactor providing for in-situ mixing of fuel and air

comprising:

a) a reactor having an interior surface and an exterior sur-
face, an upstream end and a downstream end;

b) a header plate positioned at the reactor upstream end;

c¢) a fuel distribution plate positioned within the reactor
downstream of the header plate and having a plurality of
passages passing through the fuel distribution plate from
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an inlet to an outlet for distributing fuel from a fuel
distribution plenum to a downstream fuel conversion
region;

d) at least one reaction air flow path having a reaction air
flow path interior surface and a reaction air flow path
exterior surface, a reaction air flow path upstream end
and a reaction air flow path downstream end, and
wherein each reaction air flow path upstream end seal-
ingly engages the header plate and each reaction air flow
path downstream end terminates within a corresponding
passage within the fuel distribution plate at a point
recessed from the outlet of the passage, thereby produc-
ing a corresponding gap in the fuel distribution plate
proximate to each reaction air flow path;

e) at least one cooling air flow path having a cooling air
flow path interior surface and a cooling air flow path
exterior surface, a cooling air flow path upstream end
and a cooling air flow path downstream end, and wherein
each cooling air flow path upstream end sealingly
engages the header plate and each cooling air flow path
downstream end passes sealingly through the fuel dis-
tribution plate and terminates downstream of the fuel
distribution plate;

1) a fuel distribution plenum defined by the reactor interior
surface, the header plate, each reaction air flow path
exterior surface, each cooling air flow path exterior sur-
face, and the fuel distribution plate; wherein each reac-
tion air flow path downstream end and each gap in the
fuel distribution plate are aligned to inject air and fuel,
respectively, in parallel flow into an inlet of the fuel
conversion region.

5. The reactor of claim 4 further comprising:

a) areaction air flow path tube for defining each reaction air
flow path in step (d);

b) a cooling air flow path tube for defining each cooling air
flow path in step (e); and

¢) a fuel conversion region within the reactor downstream
of the fuel distribution plate.

6. The reactor of claim 5 wherein a catalyst is coated on at
least a portion of an exterior surface of at least one cooling air
flow path tube within the fuel conversion region.

7. The reactor of claim 5 further comprising:

a) a plurality of reaction air flow path tubes in step (d); and

b) a plurality of cooling air flow path tubes in step (e).

8. The reactor of claim 5 wherein each reaction air flow
path tube downstream end defines a tapered configuration.

9. A method for fuel and air in-situ mixing within a reactor
comprising:

a) providing a reactor defining a reactor upstream end and
a reactor downstream end, the reactor further compris-
ing a reactor housing defining a reactor housing interior
surface and a reactor housing exterior surface;

b) providing a header plate positioned at the reactor
upstream end;

¢) providing a fuel distribution plate positioned within the
reactor downstream of the header plate and having a
plurality of passages passing through the fuel distribu-
tion plate from an inlet to an outlet for distributing fuel
from a fuel distribution plenum to a downstream fuel
conversion region;

d) providing at least one reaction air flow path wherein
each reaction air flow path defines a reaction air flow
path interior surface and a reaction air flow path exterior
surface, a reaction air flow path upstream end and a
reaction air flow path downstream end, and wherein each
reaction air flow path upstream end sealingly engages
the header plate and each reaction air flow path down-
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stream end terminates within a corresponding passage in
the fuel distribution plate at a point recessed from the
outlet of the passage, thereby producing a corresponding
gap in the fuel distribution plate proximate to each reac-
tion air flow path; wherein each reaction air flow path
downstream end and each gap in the fuel distribution
plate are aligned to inject air and fuel, respectively, in
parallel flow into an inlet of the fuel conversion region;

e) providing at least one cooling air flow path wherein each
cooling air flow path defines a cooling air flow path
interior surface and a cooling air flow path exterior sur-
face, a cooling air flow path upstream end and a cooling
air flow path downstream end, and wherein each cooling
air flow path upstream end sealingly engages the header
plate and each cooling air flow path downstream end
passes sealingly through the fuel distribution plate and
terminates downstream of the fuel distribution plate;

f) providing a fuel distribution plenum defined by the reac-
tor interior surface, the header plate, each reaction air
flow path exterior surface, each cooling air flow path
exterior surface, and the fuel distribution plate;

g) providing a first air flow and passing the first air flow into
each reaction air flow path at the reaction air flow path
upstream end wherein the first air flow exits each reac-
tion air flow path at the reaction air flow path down-
stream stream end;

h) providing a second air flow and passing the second air
flow into each cooling air flow path at the cooling air
flow path upstream end wherein the second air flow exits
each cooling air flow path at the cooling air flow path
downstream end;

i) passing a fuel into the fuel distribution plenum and
through each gap in the fuel distribution plate; and

j) sizing each gap in the fuel distribution plate to promote
rapid mixing of the fuel and the first air flow exiting each
reaction air flow path downstream end.

10. The method of claim 9 further comprising:

a) providing a reaction air flow path tube for defining each
reaction air flow path in step (d) wherein each reaction
air flow path tube defines a reaction air flow path tube
interior surface and a reaction air flow path tube exterior
surface, a reaction air flow path tube upstream end and a
reaction air flow path tube downstream end, and wherein
each reaction air flow path tube upstream end sealingly
engages the header plate and each reaction air flow path
tube downstream end terminates at a point recessed from
the outlet of the corresponding passage in the fuel dis-
tribution plate;

b) providing a cooling air flow path tube for defining each
cooling air flow path in step (e) wherein each cooling air
flow path tube defines a cooling air flow path tube inte-
rior surface and a cooling air flow path tube exterior
surface, a cooling air flow path tube upstream end and a
cooling air flow path tube downstream end, and wherein
each cooling air flow path tube upstream end sealingly
engages the header plate and each cooling air flow path
tube downstream end passes sealingly through the fuel
distribution plate and terminates downstream of the fuel
distribution plate; and

¢) providing a fuel conversion region within the reactor
downstream of the fuel distribution plate wherein the
fuel conversion region is defined by the reactor housing
interior surface, the fuel distribution plate, each cooling
air flow path tube exterior surface; and

d) promoting fuel conversion within the fuel conversion
region.
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11. The method of claim 10 wherein a catalyst is coated on
at least a portion of at least one cooling air flow path tube
exterior surface within the fuel conversion region.

12. The method of claim 9 further comprising:

a) providing a plurality of reaction air flow paths in step (d);

and

b) providing a plurality of cooling air flow paths in step (e).

13. The method of claim 10 further comprising:

a) providing a plurality of reaction air flow path tubes in

step (d); and

b) providing a plurality of cooling air flow path tubes in

step (e).

14. The method of claim 9 further comprising providing a
third air flow and passing the third air flow over the reactor
housing exterior surface.

15. The method of claim 10 further comprising providing a
third air flow and passing the third air flow over the reactor
housing exterior surface.
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16. The method of claim 11 further comprising providing a
third air flow and passing the third air flow over the reactor
housing exterior surface.

17. The method of claim 10 wherein each reaction air flow
path tube downstream end defines a tapered configuration.

18. The method of claim 10 wherein the step of promoting
fuel conversion within the fuel conversion region further
comprises:

a) reacting the fuel upon contact with the first air flow
within the fuel conversion region producing partial reac-
tion products plus heat;

b) promoting heat transfer from the fuel conversion region
to each cooling air flow path tube, thereby cooling the
partial reaction products and heating a cooling air flow-
ing in each cooling air flow path tube; and

¢) reducing the stoichiometric flame temperature of the
fuel thereby promoting low NOx diffusion flame com-
bustion.



